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Abstract: The incovporation of precise definitions for taxonomic units into wildlife legislation bes necessi-
tated the recvaliation of the taxonowy of endangered and threatened species. We used the subspecies recogi-
tion critevia proposed by Avise and Ball (1990) and O'Brien and Mayr (1991) to examine the infraspecific
taxonony of the leopard, Panthera pardus, a geographically widespread species with 27 currentl) vecoginized
trinomial designations. Samples from named subspecies veuealed appreciable genetic divevsity using thvee
wolectlar methods: allozymes, mitochondrial DNA vestriction sites, and feline-specific minisatellites. Conti-
nental populations and subspecies from Afvica and Asia possessed the highest amount of molecular genetic
variation, whereas velatively lower amounts of diversity weve present in island populations Molecular data
tere analyzed using three phylogenetic methods (distance-matrix, maximum parsimony, and maximiin
likelibood) to vesolve genetic differentiation below the species level The combined resulfs revealed phyloge-
netic distinction of six geographically isolated groups of leopards: (1) African, (2) central dsian, (3) Indian,
t4) Sri Lankan, (5) Javan, and (6) east Asian. Based on the combined molecular analyses and supporiing
morphological data (Miththapala 1992), we vecommend that subspecific leapavd taxonowy be revised to
comprise eight subspecies: (1) P. p. pardus, Africa; (2} P. p. saxicolor, central Asia; (3) . p. fuscs, Indian sub-
continent; (4) P. p. kotiya, Svi Lanka; ¢5) P. p. melas, Javea, (G) P. p. orientalis, Arzeer; ¢7) P. p. japonensis, #orth-
ernt Ching; and (8} P. p. delacouri, southern China. In most cases, designated subspecies conform to historic
geological barvievs thar would bave facilitated allopatric genetic divergence.

Reconocimiento Filogrifico de Subespecies en Leapardos (Panthera pardus): Variacion Gendtica Molecular

Resumen: La incorporaciGn de definiciones precisas para unidades taxondmicas en legislacion de la vida
silvestre ba necesitado de la re-evaluacion de la taxonomia de especies amenazadas y en peligo de extincidn.
Utilizamos fos criterios de reconocimiento de subespecies propuestos por Avise y Ball (1990) v O'Brien y Mayr
(1991) para examinar la taxonoinia intraespecifica del leopardo Panthera pardus, una especie amptiamente
dispersa con 27 designaciones trinomiales veconocidas. Muestras de supiestas subespecies reyeldaron una di-
versidad gendtica apreciable, usando tres métodos moleculares: Alozimas, sitios de restriccidn est ADN mito-
condrial y minisatélites felino-especificos. Poblaciones continentales y subespecies de Africa y Asia poseen la
mds alta cantidad de varviacion genélica molecular, mientras gue en poblaciones insulares estitvieron pre-
sentes cantidades velativamente bajas de diversidad. Los datos moleculares fueron analizados wtilizando tres
métodos filogendticos (Matriz de distancia, mdxima parsimonia y wdxima proximidad) para vesolver difer-
enciaciones gendticas pov debajo del nivel de especie. Los resultados combinados revelaron la distincidn filo-
gendtica de seis grupos de legpardos geogrdficamente aisiados: 1) Africane, 2) Centro asidtico, 3) Hindi, 4)
Sri Lankano, 5) Javano y, 6) Este asidtico. Basados en el andlisis moleculay combinado y soportados en datos
morfoldgicos (Miththapata, 1992), vecomendamos la vevisidn taxondmica a nivel de subespecie gue cownt-
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prende ocho subespecies: 1) P. p. pardus, Af¥ica; 2} P. p. saxicolor, Asia central, 3) P. p. fusca, subcontinente
Hindii; 4) P. p. kotiya, S#i Lanka; 5) P. p. melas, Java; G} P. p. orientalis, Awzur; 73 P p. japonensis, iorte Ching,
&) P. p. delacouri, sur Chino. En la mayoria de los casos las subespecies designadas estdn conformadas por
barreras geoldgicas bistévicas que pudievon baber facilitado divergencia genética alopdtrica.

Introduction

During the last century, geographic variants of species
were named as subspecies without clear definition of
the unit. When this indeterminate taxonomy is overlaid
with precise wildlife legislation of the late twentieth
century, it is sometimes detrimental to conservation ef-
forts (Avise & Nelson 1989; Daugherty et al. 1990;
O'Brien & Mayr 1991; Wayne & Jenks 1991). Thus, there
is an imminent need for conservation bialogists 1o de-
fine taxonomic units explicitly, particularly those that
are endangered and threatened (Daugherty et al. 1990).

The definition of subspecies, 4 taxonomic categary be-
low the species level that recognizes geographic and
temporal subdivisions (Mayr 19824), has been the sub-
ject of academic dispute for decades (Wilson & Brown
1953; Barrowclough 1982; Gill 1982; Mayr 19826,
Parkes 1982). With the emergence of censervation biol-
ogy s a science and the incorporation of subspecies
into the U.S. Endangered Species Act (U.5. Fish and
Wildlife Service 1973), clear delineation of this category
became essential. Recently, molecular biologists in-
valved with the conservation of endangered species
have attempted to incorporate genetic differentiation
into the definition of a subspecies (Avise & Ball 1990;
O'Brien & Mayr 1991), although controversy continues
aver the best approach to recognition of species and
subspecies (Otte & Endler 1989; Amato 1991; Geist
1992). In this study of leopard populations we employ
the general definition propased by O’Brien and Mayr
(1991) that members of a subspecies would “share a
unique geographic locale, a set of phylogenetically con-
cordant phenotypic characters, and a unique natural his-
tory relative to other subdivisions of the species. Al-
though subspecies are not reproductively isolated, they
will normally be allopatric and exhibit recognizable phy-
logenetic partitioning.” Furthermore, “evidence for phy-
logenetic distinction must normally come from the con-
cordant distributions of multiple, independent genetically
based traits" (Avise & Ball 1990).

The geographic distribution of leopards (Panthera
pardus) extends throughout Africa, central Asia, south-
east Asia, and north to the Amur Valley in Russia (Fig. 1).
Twenty-seven leopard subspecies have been described

based on phenotypic and geographical variation (Table

1). Three populations living on the islands of Java, Sri
Lanka, and Zanzibar have been designated as distinct
subspecies. Several subspecific designations were based
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upon. a few skins or skull specimens (Pocock 1932;
Zukowsky 1964), raising serious questions about their
taxonomic distinctiveness (Neff 1983). Our study exam-
ines phylogeographic genetic divergence among lecp-
ard subspecies based upon three categories of molecular
genetic markers: mitochondrial DNA restriction frag-
ment length polymorphism (ntDNA-RFLP), nuclear al-
lozyme [ocus variation, and nuclear minisatellite (or vari-
able number tandem repeat, VNTR) variation. These
markers have been used successfully in taxonomic appli-
cations relevant to conservation (Avise & Nelson 1989;
Gilbert et al. 1990; O'Brien et al. 1990; Wayne & Jenks
1991; Avise 1994; O'Brien 19944,19948).

Subspecies recognition and verification were ap-
proached in two steps. First, phylogenetic analyses of
differentiation for each gene family were used to resolve
natural genetic distinctions that developed over evolu-
tionary time. Recognizable phylogenetic clusters (or
clades) were identified using three analytical methods:
(1) phenetic or genetic distance matrix-based topalo-
gies; (23 maximum parsimony; and (3) maximum likeli-
hood. Second, the recognized phylogenetic population
clusters were verified by identification of the maolecular
genetic markers that contributed to phylogenetic dis-
rinction. The greatest weight was given to genetically
fixed characters (Avise & Ball 1990; O'Brien & Mayr
19913, followed by population-specific alleles, restric-
tion sites, or haplotypes. The least weight was given to
divergent allele frequencies in separate populations.

Methods

Total genomic DNA isolated from leukocytes or tissue
samples was digested with a panel of 30 restriction en-
zymes. Accl, Apal, Aval, Avall, BamHI, Bclf, Bgll, Bgill,
BstEIL Bstil, Clal, Dval, EcoRI, EcoRV, Hincil, Hindlll,
Hpal, Hpall, Kpnl, Ncol, Ndel, Pstf, Pvul, Prull, Sall,
Sstil, Stul, Xbal, and Xhol (Bethesda Research Laborato-
ries and New England Biolabs). Digested samples were
electraphoresed, transferred to nylon membranes (UV
Duralon, Stratagene), and hybridized to random-primed,
cloned mtDNA from the domestic cat, as previously de-
scribed (O’'Brien et al. 1990; Mepotti-Raymond &
O’Brien 1993). Restriction fragment length polymor-
phisms, RELP, were visualized by autoradiography. Mitc-
chondrial DNA diversity was estimated berween popula-
tions, ,, and within populations, ®© (Nei & Li 1979),
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Figure 1. Range of 27 named subspecies of leopards. Three-letter code designations are listed in Table I. Differen-
tial hatch and boxed codes indicate geographic ranges of the eight vevised subspecies defined by this analysis. Sub-
Saharan leopard populations bave been isolated from northern populations by the desertification of the Sahara,
which formed a barrier to dispersal duving the late Pleistocene, somte 20,000 years ago (Maglio 1978). Java and Sri
Lanka were probably last joined Lo their respective mainlands, Malaysia and India, at the end of the late Pleis-
tocene (Jacob 1949; Seidensticker 198G), and bence these insular popilations have been distinct for some 10,000

years.

using maximum-likelihood estimates computed by the
MAXLIKE program (Nei & Tajima 1983).

Allozyme electrophoresis for 49 gene-enzyme loci was
performed with extracts from erythrocytes, leukocytes,
plasma, and tissue-culture fibroblast cells using standard
protocols (Harris & Hopkinson 1976; O'Brien 1980;
Newman et al. 1985; Miththapala 1992). Allelic frequen-
cies for each allozyme locus were estimated from indi-
vidual genotypes and used to calculate Nei's unbiased
genetic distance (Nei 1978) between all pairs of species
examined using BIOSYS-1 (Swofford & Selander 1981).
Nei's (1987) test of significance (with a Bonferroni ad-
justment to correct for the violation of the assumption
of independence) was used to examine differences be-
tween average heterozygosities.

Nuclear minisatellite (also called VNTR or DNA finger-

prints) variation was determined using feline-specific
FCZ3 and FCZ9 minisatellite clones (Gilbert et al. 1991;

Menotti-Raymond & O'Brien 1993) and was quantified
a5 average percent difference (APD) in band-sharing plus
estimated average heterozygosity (Miththapala 1992;
Stephens et al. 1992). Genemic DNA of the P. p. dela-
couri and P. p. suabelicus samples were degraded and
excluded from this analysis.

Phenograms describing the associations among the
species were constructed from the distance matrices for
each gene family using the Fitch-Margoeliash algorithm
(FITCH and KITSCH) of PHYLIP versicn 3.4 (Felsenstein
1991). Character data for allozymes, mtDNA restriction
sites, and VNTR fragments were generated for each spe-
cies by transforming allelic frequencies into discrete
character states: each polymorphic allele was coded as a
discrete character and scored for presence or absence in
each individual, subspecies, or population. Character
data were analyzed by maximum parsimony using the
program PAUP version 3.0 (Swofford 1991) and, for
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Table 1. Traditional and revised subspecific taxonomy of Panthera pardus.

No. samples
(wild-caught)

Revised
Common 1ame Traditional subspecies Codes” USFW" TAGY Molecular Movphalogical — subspecies
1. Barbary leopard P. p. panthera (Schreber 1777) PAN E C 2(1) 3 P p. pardus
2. North african leopard P p. pardus (Linneaus 1758) PAR E E — 0 P p pardus
A. Eritrean legpard P. p. antinorii (de Beaux 1923) ANT E 5 — 0 P. p. pardus
4. West African leopard P p. veichenowi (Cabrera 1918) REI T v 2(2) 6 P p pardus
9. West African forest P. p. leopardus (Schreber 1777) LEC E v — 11 P p pardus
leopard
6. Central African leopard P p. shortridgei (Pocock 1932) SHO T 5 L1 (9 43¢ P p. pardus
7. Cape leopard P p.omelanotica (Gunther 1833) MEA T 5 — O P p pardus
8. East African leapard P. p. suabelicus (Neumann 1900)  SUA T 5 L1y 64 P. p pardus
9. Zanzibar leopard P p. adersi (Pocock 1932) ADE T C — 14 P p pardus
10, Ugandan leopard P p. chui (Heller 1913) CHU T b — 0 P p pardus
11. Congo leopard P. p. iturensis (Allen 1924) Ity T 5 — 19 P p. pardus
12, Somalian leopard P. p. nanapardus (Thomas 1904)  NAN E C — 4 P. p pardus
I3. Asia Minor leopard P. p. tultiana (Valenciennes 1856)  TUL E C — 1 P, p. saxicolor
14. Sinai leopard P p. jarvisi (Pocock 1932) JAR E EX — 1¢ P saxicolor
13. South Arabian leopard P g miser (Elirenberg & NIM E C — 1 P . saxicolor
Hemprich 1833%)
16. Caucasus leopard P. p. ciscauncasicus (Satunin 1914y CI$ E C — 0 P. p. saxicolor
17. Central Persian leopard P s dathei (Zukowsky 1904) DAT E C — 0 P p. saxicolor
I8, North Persian leopard P p. saxicolor (Pocock 1927) SAX E E 12 57 P. p. saxicolor
19. Baluchistan leopard F. p. sindica (Pacock 1930a) SIN E E I(1) 14 P p saxicolor
20, Kashmir leopard B p. millardi (Pocock 19308) MIL E Vv — 2 P p. fusca
21. Nepal leopard £ p. pernigra (Hodgson 1863)) PER E Vv — 5 P p. fusca
22, Indian leopard P. p. fusca (Meyer 1794%) © FUS E v 3(3) 64 P. p. fusca
23, Sri Lankan leopard B pr. kotiya (Deraniyagala 1956) KOT E C 2247 29 P. {1 kotiya
24. South Chinese leopard P, p. delacouri (Pocock 19308) DEL E v 5 14 P p delacouri
25, Amur Jeopard P p. ortentalis (Schlegel 1857) ORI E C 23 17 P p. orientalis
26. North Chinese leopard P, p. japonensis (Gray 1862) JAP E E 12 4 P. p. japonensis
27. Javan leopard £ p. melas (Cuvier 1809) MEL E C 1/99 12 P. p.omelas

“Code: each subspecies has been assigned a three-letter code that (s used thvoughaout this paper. Tissie sample sovces, PAN — M. Blepsnan, Car-
nivave Preseriation Trist, Pltsbova, North Carolina; REL SHO-Z, SUA — V. Wilsan, Chiprangall Wildiife Trust, Zimbabue; SHO-5A4 — V. De Vos,
Kruyer National Park, South Africa; SAX — D Gitlespyie, Cincinnati Zoa, Ohia; I Heansbury, Louwy Park Zeo, Tampa, Florida, [ Meachado, San
Francisco Zoo, Califoriva; L. Goltenboth, Withebnina Zoo, Berlin, Germany, L Dittvich, Hanstover Zoo, Germer), Q. Beblevt, Kolit Zoo, Colugne,
Cermeny;, A. Greenwaoand, Welsh Maonntain Zoo, Colwpn Bay, Wales, United Kingdony D, Jawch, Stuttgart Zog, Germany; SIN — T. Meehan, Lin-
calit Pavk Zao, Chicaga, Hiinais, FUS — U Karanth, Nagavabole National Parvk, Nagavahole, Tndia; KO, DEL — 5 B U Fernado, National
Zoulagical Gardens, Debiwela, Svi Lanka; MEL — L Goltentbath, Withelming Zoo, Berlin, Gerinany, JAP — D, Avmstrong, Hewry Daoorly Zoao,
Omaha, W. De Meurichy, Antwerpy Zoo, Belginng ORI — [ Bivcher, St Lowis Zoo, Missourt; . Wortinan, Denver Zoo, Colovado; f. M. Leriondd,
Metthanse Zao, Freance; R. Faust, Franbkfurt Zoo, Gerinayp.

MUSEW: UL 8 Fish & Wildlife Service; E endangeved, in danger of extinction; T threatened, likely to beconte endangered within the foresecabic
futive. The Conventian for International Trade in Endangerved Species af Wild Flova and Fara (CITES) fists alf Panthera pavdus subspecies éin
Appendin I, Lo, conmumercial trade is probibited. But, Bunting quotas ave permitted in Boiswena, Malawd, Naniibia, Zambia, and Zimbabwe (U,
& Fish and Wildlife Federal Register Notice 1992).

CTAG: Felid Action Plan 1992, besed on Mace & Fande (19U, € critical, 50% frobability of extinction within 5 years v 2 genevalions, which-
euer is fonger, [ endangeved, 20% probability of extinction within 20 years or 10 genevations, whichever is losger: Vi pitinerable, 10% probabil-
iy of extiction within the next (00 years; §: safe, no danger of extinction; EX: extinct

“Tupe specinen included.

‘I Harrison [908

fh o Dobrorka 1964,

“fn Pocock 19300

mtDNA RFLP, by a maximum-likelihood algorithm avail- restriction enzymes. A total of 97 restriction sites was
able in RESTMI. of PHYLIP version 3.4 (Felsenstein 1991). scored, representing 339 base pairs, or 3.3%, of the
14,500 base-pair mtDNA genome. Forty-six sites were
variable, producing a total of 18 haplotypes distributed
among subspecies as depicted in Table 2.

The amaount of mtDNA nucleotide diversity (Table 3)
represented in leopards is large ( = 1.29%), surpassing
similar estimates for cheetahs (n = 0.182%), giant pan-
Cellular DNA from 60 unrelated leopards representing das (T = 0.27%), humans (r = 0.57%), and humphback
12 named subspecies (Table 1) were sampled using 30 whates (T = 0.25%) by several-fold (Wilson et al. 1985,

Results

Mitochondrial DNA

Canservatian Biokagy
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Table 3. Estimated allozyme and mitochondrial DNA variation (%) withia leopard subspecies.

Allazymes #tDNA
Geographic No. of No. of Geographic subspecies
origin Code individuals 38 HY  individuals  Haplotypes T (SD)
Zimbabwe SHO-Z. 8 16.3 5.4 [{] 3 0.50 ¢0.30)
South Africa SHO-5A 3 143 a3 3 P 0.90 (0.43)
Kenya SUA 1 6.1 4.1 — — —
Morocco PAN 2 4.1 27 1 1
Liberia REI 2 4.1 2.4 2 1 0.00 ¢0.00}
[ Africa SHQO, SUA, PAN, REI 16 18.4 4.5 12 4 0.66 (0.16)
Asia Minor SAX 12 8.2 3.3 8 2 0.07 (0.0%)
Afghan/Pakistan SIN I 2.0 2.0 1 1 —
II. Central Asia SAX, SIN 13 10.2 3.2 9 2 0.07 0.0%)
1. India FUS 3 10.2 4.8 3 2 0.25(0.12)
IV. Sri Lanka KOT 22 4.1 1.3 12 1 0.00 (0.00)
V. Java MEL 1 2.0 2.0 1 1 —
Malaysia DEL 5 4.1 2.0 2 2 0.19<C.10)
Amur Region ORI 23 8.2 2.8 10 5 0.21 (.04
Narthern China JAP 12 4.1 1.3 5 3 .05 .03
VI. East Asia DEL,ORI, JAP 40 102 23 17 9 0.25 ¢0.02)
All leopards 95 225 27 &0 18 1.29 (0.0015)

“P= percent palymorphic loci when polynrorphism, indicates a polfymorphic allele frequency of = 5% (Lewontin 1974). Samples of single indi-

viduals were not included in variation estimation.
YH = umbiased average beterazpgosity X 100 (Nei 1978).

Baker et al., 1990; O'Brien et al. 1990: Menotti-Raymond
& O’Brien. 1993). Diversity estimates within subspecies
range from 2 high of 0.90% in P. p. shortridgei to 0.0% in
P p. kotiya, which is consistent with the latter subspe-
cies' history as an island population (Miththapala et al.
1991). Central Asian subspecies had only two haplo-
types and a low diversity estimate, T = 0.07%, although
this may be a sampling error due to limited sample size
(n = 9). The highest level of variation, T = 0.66%, was
ohserved among the African group.

Genetic divergence in mtDNA between the 12 sam-
pled subspecies was estimated using d,,, the fraction of
nucleotide divergence calculated using restriction-site

data (Table 4; Nei & Li 1979). An unrooted phenogram
based upon the corrected nucleotide distance matrix in
Table 4 (using the Fitch-Margoliash tree-building algo-
rithm without the presumption of a molecular clock) is
presented in Fig. 2a. The analysis revealed four primary
groupings that correspond to geographic origins: (1) Af-
rican, including REI, PAN, SHO-Z, and SHO-SA; (2) cen-
tral Asian, including SIN and SAX; (3) Asian, including
JAP, ORI, DEL, KOT, and FUS; and (4) Javan, MEL. Impo-
sition. of the molecular clock assumption using the
KITSCH plienetic algorithm on a restriction-fragment-
sharing (without site inference) distance matrix (Fig. 2b)
recapitulated the four groupings, with rather deep phy-

Table 4. Percent nucleotide divergence between subspecies, calculated using restriction-site data for mitochondrial DNA®

SHO-Z®  SHO-SA® REFI PAN SIN $AX FUS KOT DEL  MEL ORI
(6) (3 2) 1) (1) (8) 3) (12) 2) (1) €10) (3) JAP
§HO-Z" — 0.0 004 047 2.58 253 258 248 237 198 238 271
SHO-SA” .59 — 0.00 0.26 238 216 235 2.25 2.14 174 2.15 2.48
REI 0.29 0.45 — 0.60 2.78 1.73 2.74 2.44 2.53 2.14 2.54 2.87
PAN 0.72 0.71 0.60 — 3.0% 3,00 300 2.91 2.80 239 280 313
SIN 283 2.77 278 3405 — 000 076 091 0.81 239 098 1.16
S5AX 2.82 2.75 303  0.87 0.03 — 0.71 0.85 0.74 231 092 1.10
FUS 2.96 2.93 287 313 0.89 0.89 — 0.32 0.22 193 030 024
KOT 2.73 271 264 29 0.91 088 045 — 0.00 1.82 039 045
DEL 2.72 2.70 2.63 2.89 0.91 0.88 045 0.09 — 172 019 0325
MEL 2.23 2.30 214 239 2.39 234 205 1.82 1.82 — 2.01 2.05
ORI 2.74 271 2.65 290 1.08 106 0534 050  0.40 2.11 — 0.16
JAP 3.00 297 191 3.17 1.20 .1.16 .41 0.48 0.39 209 030 —

“Above diagonal d

L

codes ave given in Table 1; number of specimens typed dre given in parentheses.
b Two papulations of shortridget were sampled from Zimbabwe and from South Afvica
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corrected for within-papulation diversity;, below didgonal: 4., uncorrected for withinpopulation diversity. Subspecies
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logenetic nodes supporting the monophyly of the four
groups.

Coding the RFLP site variation as discreie phylege-
netic characters allowed the analysis of the mtDNA vari-
ation using a maximum-parsitnony algorithm of the
PALP computer package. More than 50 equally parsimo-
nious hifurcating trees were obtained. A strict consensus
tree of derived haplotypes resalved the same four major
groupings as the phenetic analysis did, although unre-
solved polytoemies were apparent within the major pop-
ulation clusters (Fig. 2c). Bootstrap resampling of the re-
striction-site data provided strong support (86-100%)
for three of the haplotype clusters: (1) African; (2) Cen-
tral Asian; and (3) Javan, but less support for the east
Asian clade (18% hootstrap replications). When restric-
tion fragment (as opposed to specific restriction sites)
variation. sharing for each named subspecies was ana-
lyzed by PAUP using an outgroup taxon, Panthera tigris
(tiger), support for four clades was obtained (Fig. 2d).

Different phylogenetic metheds were not in agree-
ment on the position of P. p. fusca, the Indian subspe-
cies, raising the possibility of a distinct subspecies lin-
eage. With an outgroup taxon, bootsirap suppert for
African and central Asian clades was strong (99% and
90% respectively), but less so for the east Asian (38%),
Indian (45%), and Javan (50%) clades (Fig. 2d). Phyloge-
netic analysis of the 18 mtDNA haplotypes using the
maximum likelihcod algorithm (Fig. 2e) produced
highly significant (¢ = 0.01) divergence nodes support-
ing central Asian, African, Javan, and Indian clusters.
East Asian monophyly was not supported because cer-
tain Asian haplotypes appeared closer to the African
cluster than to other east Asian haplotypes (Fig. 2e).

Allozymes

QOf 49 allozyme loci typed, 11 were polymorphic in a
sample of 95 leopards from 12 named subspecies (Table 5).
There were no fixed allelic differences between popula-
tions, although several alleles appeared specific to sub-
species groups implicated by the mtDNA analysis. There
were six allozyme alleles unique to Africa (CA2a, HBB-d,
ITP-h, ITP-c, PGD-c, and TF-a), one unigue to central Asia
CHK 1), and one unique to India (PEPB-b) (Table 5).

A comparison of allozyme average heterozygosity in
each leapard population (Table 3) revealed a range of al-
lelic variation, from a low in P. p. kotiya (P = 4.1%, H =
1.3%) to a high of P = 16.3%, H = 5.4% in the Zimba-
bwe P. p. shortridgei population. With the Bonferroni
adjustment there were no significant differences be-
tween subspecies in estimated average heterozygasities.
But the island population from Sri Lanka, P. 5. kRotiya,
displayed the [owest amount of variation relative to Afri-
can, Indian, and other Asian populations. A similar ten-
dency toward low varjation was seen in the captive pop-
ulations, P. p. japonensis, P. p. orientalis, and £ p.

Subspecific Variation in the Leopard 1121

saxicolor, suggesting that genetic drift may have re-
duced variation during captive propagation. One leop-
ard subspecies, P. p. shortridgei, had greater variation
(P = 16%, H = 5.4%) than outbred, free-ranging African
lions (P = 11%, H = 3.8%) and tigers (P = 10%, H =
3.5%), whereas the island population from Sri Lanka, P.
p. kRotiya, had limited variation (P = 4%, H = 1.3%) ap-
preaching that of the genetically depauperate popula-
tions of cheetah (P = 2.0%, H = 0.04%) and Asian lion
P = 0.0%, H = 0.0%) (O'Brien et al. 1985, 1987; Mith-
thapala et al. 1991).

Allozyme genetic distances between subspecies (Ta-
ble 6) are small, as might be expected within species
CAvise & Aquadro 19382; O'Brien et al. 1987), and they
therefore produce only modest phylogenetic resolution
(Fig. 3a & h). A Fitch-Margoliash phenogram based upon
the allozyme genetic distance matrix (Fig. 3a) resolved
continental (Asian versus African) distinctiveness; be-
yond this, little monophyletic clustering is resolved. The
character-state analysis based on maximum parsimony
(Fig. 3b) supported the African monophyly relative to
Asian. populations but did not produce further phylogeo-
graphic resolution.

VYNTR Variation

The extent and pattern of minisatellite, or VNTR, varia-
tion i the 12 sampled subspecies were determined us-
ing representatives of each of the 18 mtDNA haplotypes
from each subspecies. All samples were analyzed for re-
striction-fragment sharing fellowing digestion with two
restriction enzymes, Rsal and Hisfl, and hybridization
with twao feline-specific minisatellite probes, FCZ8 and
FCZ9 (Gilbert et al. 1991; Menotti-Raymond & O'Brien
1993). Genetic variation was assessed by computation of
the average percent difference, APD, in band-sharing be-
tween individuals and the estimated average heterozy-
gosity (Stephens et al. 1992). Average percent difference
and percent average heterozygosity, H, are highly corre-
lated with each other for DNA fingerprinting data {» =
0.986) and with other measures of overall genomic vari-
ation collected in our laboratory (Yuhki & O'Brien 1990;
Gilbert et al. 1990, 1991; Stephens et al. 1992). Leopards
display a considerable amount of VNTR variation, and
every VNTR fragment scored was polymaorphic. [n order
to maximize representation on gels, only a single indi-
vidual of each subspecies was sampled, so some of the
fixed differences and unique alleles are likely to result
from small-sample bias. This strategy was meant o de-
tect 2 maximum of genetic variation with limited sam-
ples but would also overestimate average population
and spectes variability.

A matrix of mean average percent difference (MAPD; Ta-
ble 6y reveals appreciable divergence within and between
suhspecies (34.9-82.8% MAPD). A Fitch-Margoliash tree
is presented in Fig. 4a, and a PAUP unrooted strict con-
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Figure 2, Phylogenetic analyses of mtDNA-RFLP sites and haplotypes: unvooted FITCH tvee generated using inter-
population divergences calculated from mitDNA site variation veported in Table 4 (sum of squarves = 4.4; average
percent deviation = 18.4; limb length units ave d_ ) (a); vooted KITSCH tree generated using interpopulation diver-
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into polytomies; In likelihood = —401.62) (e).
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Figure 2. (continited)

sensus tree of fragment characters is presented in Fig.
4b. The VNTR data were consistent with the primary
groupings seen with mtDNA and allozyme data. African
subspecies clustered together, separate from east Asian
and central Asian leopard populations. East Asian and’
central Asian subspecies were not phylogenetically de-
fined by the VINTR or the allozyme analysis, but, their ge-

PAN

(1

netic distinction (detected by the mtDNA data) is not
precluded by these two analyses. The VNTR pattern of
the P p. melas individual was highly divergent from
other Asian genotypes, supporting the recognition of
the Javan subspecies from other Asian populations. The
comnsistent support for the major groups (African, east
Asian, central Asian, Javan) using different molecular
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Figure 2. (continued)

methods encourages additional confidence in their rec-
ognition as isolated subspecies with identified levels of
genetic diversification.

Molecular Phylogenetic Characters that Define Subspecies
Differentiation

The composite phylogenetic analyses support the desig-
nation of taxonomic units of leopard subspecies that
correspond to six geographic locales: Africa, central
Asia, India, Sri Lanka, Java, and east Asia (Fig. 1). Table 7
lists the number of identifving molecular characters for
each subspecies group. Mitochondrial DNA was the most
discrimminating metric, with at [east one unique site and
haplotype specific for each group and up to 14 unique
sites in the African subspecies. Allozymes and DNA fin-
gerprints were less informative but provide support in
the context of unique polymaorphic alleles for each group.
Based on these results, we recognize the designation of
these six subspecies groups as formal taxonomic units.
Table 8 presents genetic distance matrices between
the six identified subspecies using each molecular method.
The distances are small, as seen in the phylogenetic anal-
yses, but they do reveal certain notable trends. First, the

Canservation Biolagy
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African subspecies are more divergent from Asian sub-
species than Asian subspecies are from each other. Sec-
ond, the relatively large intercontinental genetic dis-
tance plus the larger extent of variation within African
populations (Tables 3 and 6) would be consistent with
the African lineage being older than those of Asian
groups. Third, the twe island subspecies, £ f. kotiya
and P. p. melas, have different levels of divergence from
their respective adjacent mainland subspecies. P. p.
kotiya is relatively close to P. p. fusca in all measures,
whereas P. p. melas is very distinct. These quantitative
differences imply that P. p. kotiya diverged more re-
cently from mainland ancestors, whereas P. p. melas
represents an earlier departure from mainland ancestors.

Discussion

A malecular genetic analysis of 13 populations of Parn-
thera pardus from across its geographical range indi-
cates that extensive infraspecific partitioning supporting
27 subspecies designations (Fig. 1) is inapparent. A group
of concordant genectic differences support subspecies
recognition (Avise & Ball 1990; O'Brien & Mayr 1921)
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Table 6. Molecular genetic distance estimates hetween leapard subspecies.”

Subspecies® PAN  RE[  SHO-Z SHOSA SUA SAX SIN FUS ROT  DEL MEL JAP ORI PIT
PAN (1) — 0005 0022 0025 005 0005 0.012 0011 0013 0015 0055 0240 0028 0.04
REI (2) 64.2 — 0021 0049 0038 0010 0009 0011 0009 0012 0051 0026 0032 005
SHO-Z(3y 697 6063 — 0026 0019 0027 0032 0028 0032 0025 0051 0.031 0037 0072
SHOSA (1) 719 608 59.0 — 0.027 0039 0032 0043 0.052 0055 0075 0.060 0.054 0.079
SUA — — — — — 0052 0053 0045 0052 0048 0053 0057 0.057 0.106
SAX (2) a4.0 777 79.5 80.9 — — 0010 0003 0010 0.008 0033 0013 0016 0047
SIN (1) 75.3 734 783 76.5 — 666 — 0.002 0.00¢ 0.007 0031 0026 0.026 0.054
FUJs (2) 73.2 81.2 77.2 768 — 651 65.9 — 0.001 0.005 9.019 0018 0.016 0.053
KOT (6) 703 719 §2.0 75.8 — 636 69.2 55.5 — 0006 0028 0024 0.023 0054
DEL — — — — — — — — — - 0.018 0005 0907 0.058
MEL (1} 605 75.0 73.7 49.8 — 632 68.0 70.8 0.9 - — 0023 0014 0.099
JAP (4) 674 748 757 73.9 — 642 62.4 54.7 62.7 — 670 — 0.005 0.067
ORI (7) 758 69.2 i 82.8 - 721 71.1 a1.7 591 — 707 349 —  oo7

“Above diagonal: unbiased allozyme genetic distanice (Nei 1978), below diagonal: mean avevage pevcent difference (MAPD) of VNTR band
sharing from troo niinisatellite probes and two restriction enzymes (sae Methods). Subspecies codes ave given in Tabie 1; PTI s Panthera tigris, £
ger. MAPD and estimated averdge heterozygosity weve calculated for four populations with three or move samples: SHO-Z: 59.7 and 44.49; KOT:

JL.7 and 30.7; JAP: 33.4 and 28.0, ORI 35.4 and 34.0.

b Number in parentheses is number of samples used for minisatellite analysis.

for six discernible groups: African, central Asian, Indian,
Sri Lankan, Javan, and east Asian (Table 7). In contrast,
we fajled consistently to observe differences between
designated Adrican subspecies or between twa putative
Far Eastern subspecies, P. p. faponensis and P. p. orien-
tatis. A complementary study of multivariate morpho-
metric analyses of differentiation. among all 27 listed
subspecies parallels these biochemical results: African,
Indjan, Sri Lankan, Javan, and Asian specimens were
clearly distinct (Miththapala 1992).

The present results provide a basis for a formal revi-
sion of the subspecific taxonomy of P. pardus. The Afri-
can populations are clearly distinct from other groups—
both qualitatively and quantitatively. But distinctions
within Africa are absent: there are shared alleles for al-
lozymes (Table 5), shared mtDNA haplotypes (Table 2),
and shared fragments in DNA fingerprints (Table ).
Morphological analysis of cranial characters also failed
to reveal significant variation between African subspe-
cies (Miththapala 1992). The combined results argue
strongly for subsuming all African populations under
one trinomial, P. p. pardus, using the principle of prior-
ity in taxonomic nomenclature (Wiley 1981).

The Sri Lankan leopard, P. p kotiya, has a unique
mtDNA haplotype and unique VNTR fragments, and it is
differentiated morphometrically (Table 7). Additional tis-
sue samples from Javan leopards (P. p. melas) and wild-
caught P. p. delacouri from neighboring mainland Ma-
laysia would be required to affirm the existence of a sep-
arate clade for P. p. melas. Because these populations are
naturally insular and allopatric—they have “extrinsic barri-
ers to reproduction” (Avise & Ball 1990)—hboth these tri-
nomials, P. p. kotiya and P. p. melas, should be retained.

Tissue samples from the third island subspecies, the
Zanzibar leopard, P. p. adersi, were not available. Little
is known ahout the natural history and habitat of this

Canservation Bislogy
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[eopard, and the delineation of its range and the validicy
of its subspecific status are controversial (Pakenham
1984). Furthermore, it is now believed 1o be extinct
(T. T. Strubsaker, personal communication).

Of seven putative central Asian subspecies, only
two—the Baluchistan leopard, P. p. sindica, and the
North Persian leopard, P. p. saxicolor—were available
for molecular analysis. Of these, P. p. saxicolor was rep-
resented by an entirely zoo-bred population, and there was
only a single—albeit wild-caught—sample of P. p. sindica.
Five subspecies were examined in the morphometric
study, but the sample sizes were likely inadequate for
firm conclusions (Miththapala 1992). The taxonomy of
the remaining central Asian subspecies is tenuous at
best: Certain mammalogists consider P. p. ciscaicasicis
to be synonymous with P. p. saxicolor and P. p. tulliana
(Weinberg, personal communication); P. p. mnimy was
described based on parts of two skins from entirely dif-
ferent locations (Harrison 1968); and P. p. dathei was
defined based on a single skin (Zukowsky 1964). In addi-
tion, the geography of the region lacks major barriers to
dispersal. In the light of these facts, and given that P. p.
saxicolor and P. p. sindica share a mtDNA haplotype, all
extant central Asian leopards could be subsumed provi-
sjonally under P. p. saxicolor (Table 1).

There are three putative subspecies on the Indian sub-
continent: the Kashmir leopard, P. p. millardi; the Ne-
pal leapard, P. p. peruigra;, and the Indian leopard, P. p.
Jusca (Pocock 19306). Cranjal specimens from the In-
dian subcontinent were morphologically distinguishable
as a group, but the type specimens of P. p. millardi and
P. p. pernigra could not be distinguished morphologi-
cally from P. p. fusca (Miththapala (1992). P. p. fusca
displays a unique allozyme polymorphism and two dis-
tinct mtDNA haplotypes (Tables 2 and 5). Although tissue
samples from throughout the subcontinent are neces-
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Figure 3. Allozyme phylogenetic analyses: (FITCH trees generated using Nei’s [1978] unbiased genetic distances for
allozyme data) rooted FITCH tree (with Panthera tigris as au ouigroup) based on unbiased atlozyme genetic dis-
tance matvix (Table 6) (sum of squares = 7.78; average percent standard deviation = 20.8) (a), rooted strict con-
sensus tree (with Panthera tigris as an outgroup) based on maximum-parsimony analysis of allozyme allele char-
acters using PAUP (nine equally parsimonious trees found; tree length = 32; consistency index = 78 1%,
Dpercentages refer to the number of bootstrap replications fout of 1000] that support the vespective group; nitbers
refer to character changes [apomorphies in plain text, bomoplasies in parentheses]) (b).
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Table 7. Quantified differences among observed subspecies clusters or clades.”
FAfrica H-Cen. Asia HI-India V2Svi Lanka ViJava VIE Asia
Phyiogenetic 16y (i3 &) (22} (1) 46
Measure® 92) & (33) 2y ) (15)
mtDNA No. of unique sites 10 3 L 1 6 6
No. of unique haplotypes 4 2 2 1 1 g
Allozymes No. of fixed differences a o 0] a G 0
Na. of unique alleles 6 L 1 0 ¢ 0
DNA fingerprinting  No. of unique fragments
FCZ 8, Rsal 13 2 0 ¢ L 3
FCZ 9, Rsal 8 7 0 ¢ 0 1
FCZ 8, Hinfl 7 5 Q 1 7 4
FCZ 9, Hinfl 9 1 9 5 1 ¢
Morphology Multivariate differences + - + + + +

“ Total nuntber of samples for genetic analysis are given in parentheses on first fine, total number of specimens of known sex for morphological

analyses ave given in parevtheses on second line,

b Specific mtDNA sites and baplotypes specific for subspecies groups are listed in Table 2. Allozyme markers dre listed in Table 5. DNA finger-
print fragment data and morphometric analysis of cranial characters ave presented in Miththapala (1992).

sary for confirmation, both molecular and morphologi-
cal results suggest that the leopards of the Indian sub-
centinent should be subhsumed under the trinomial £. .
Jusca. Indian topographical features provide a geo-
graphic rationale for the assignment, as the Indus River
an the west, the Ganges River on the east, and the Hima-
layas at the north form physical barriers to dispersal.

The south Chinese leopard £. f. delacouri was repre-
sented in molecular analyses by a deliberately inbred lin-
eage (Miththapala et al. 1991; see Table 2), and the mor-
phometric analysis was performed on a single type
specimen (Miththapala 1992). Given these facts, conclu-
sive taxonomic inference should be postponed until fur-
ther evaluation is possible.

P p japonensis and P. p. orientalis were paired con-
sistently in phylogenetic analyses (Figs. 2a-d, 3b, 4a)
and shared miDNA haplotypes (Table 2). VNTR diver-
gence between this pair of putative subspecies was low,

34.9%, which. is comparable to intrapopulation vatiation
in these two populations: 28.0 and 34%, respectively
(Table 6). Allozyme genetic distance between the sub-
species is also low (d = 0.005, Table 6). These gbserva-
tions indicate very recent separation, which in turn im-
plies that these populations may not be distinct. Both
sampled populations were captive-bred, however, so
any taxonomic recommendations must be provisional.
Analysis of samples from wild-caught animals of hoth
populations, from different parts of their ranges, is re-
quired for further taxonomic resclution. Until then, we
recommend retention of the named trinomials.

Management Implications

We reiterate the importance of taxonomy in conserva-
tion biology, particularly because precise definitions of

Table 8. Molecular genetic divergence hetween phylogenetically defined leopard subspecies.”

Central Asic fndia Svi Lanka Africa Java
(saxicolor) (fusca) fkotiya) East Asia (pardus) (melas}

(A}
Central Asia —_ 0.002 (0.003 012 0.014 0.032
India 7.166 — 0.001 0.014 0.019 0.019
Sri Lanka 0.854 0.325 — 0.019 0.022 0.028
East Asia 0.936 0.245 0.354 — 0.027 0.015
Africa 2.486 2.528 2.433 2.404 — 0.047
Java 2.322 1.927 1.824 1.978 1.929 —
B
Central Asia — 65.5 66.4 67.4 75.5 65.0
India — 555 58.2 77.1 70.8
Sri Lanka — 60.9 75.0 74.9
East Asia — 74.6 G8.8
Africa — _ 69.7
Java

*Fav (4) above diagonal, allozyme genetic distance; below diagonal, w — nucleotide divergence based on mtDNA RFLP. For (B) MAPD Jor
VNTR data. Subspacies names veflect groupings shown in Fig. | and Table 1.
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taxonomic units have been incorporated into wildlife
legislation (O'Brien & Mayr 1991). We recommend a
multidisciplinary approach because our results confirm
that modern technological methods—molecular and sta-
tistical—allow for quantification of differences and pre-
cise characterization of taxonomic units. We suggest
that additional geographically widespread species be
evaluated taxonoemically so that there will be many tri-
nemials to compare. We also recommend that species
not yet endangered be examined before conservation
challenges become even mote difficult,

All three molecular analyses revealed lower levels of
heterozygosity and polymorphism in the naturally insu-
lar P. p. kotiya and in the captive-bred P. p. japonensis
populations (Tables 3 and 6). Although the other zoo
samples of P. p. orientalis and P. p. saxicolor had higher
allozyme variation, all insular populations are tending to
fixation ac several nuclear loci (Table 5). Therefore, it is
important that these zoo populations be managed care-
fully, with strict avoidance of inbreeding, which will fur-
ther deplete variation (Chambers 1983). Although the
deleterious effects of inbreeding have been recognized
(Ralls et al. 1979), breeders of pedigreed leopards still al-
low consanguineous breeding (Shoemaker 1983, 1988).
It is also essential that populations are censused and
studied in the wild, as well as sampled for molecular
analyses. Comparison of wild samples with zoo samples
will allow assessment of the degree of allele fixation due
to drift and inbreeding.

Careful monitoring of Sri Lankan and Javan island pop-
ulations is essential, not only because they are taxonom-
ically distinct burt also because they are ecologically sig-
nificant. On both islands leopards are top carnivores—in
Sri Lanka since it separated from India and in Java since
the Javan tiger (Panthera kgris sondaica) became ex-
tinct during the 1970s (Seidensticker 1987). Because of
their pasition in food webs, top carnivores are impor-
tant in the management and monitoring of whole eco-
lagical communities (Soulé & Kohm 1989 Gittleman &
Pimm 1991).
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